Effect of proton bombardment on InAs dots and wetting layer in laser structures
The effect of proton bombardment on carrier lifetime and photoluminescence of InAs quantum dots was measured. Optical absorption and transmission electron microscopy show the dots retain their integrity under bombardment. A decrease in ground state photoluminescence with increasing dose is not explained by the decrease in dot carrier lifetime alone, but also by bombardment-induced non-radiative recombination in the wetting layer, which reduces the dot electron population at fixed excitation. To exploit the relative radiation immunity of quantum dots, it is necessary to maximise the dot density and capture probability per dot to minimize the effect of wetting layer recombination. The conversion of beamed optical power from a laser into electrical energy is an attractive proposition for many applications. One of these includes the potential to capture solar energy in space and deliver it continuously, on demand, to anywhere on earth. 1 To operate in space, lasers must meet stringent radiation hardness standards. 2 Among the advantages claimed for quantum dots in optoelectronic devices such as lasers is their relative immunity to particle and radiation bombardment where non-radiative processes are known to result in the degradation of traditional quantum well devices. These claims rest on the reduction in the area of material exposed to the radiation, 3 though there may be benefits from localisation of carriers within each dot. 4, 5 Here we quantify the effect of proton bombardment in quantum dot material and discuss implications for laser design to withstand such harsh environments using fundamental measurements including modal optical absorption, transmission electron microscopy (TEM), photoluminescence (PL), and PL lifetime as a function of proton dose. It is observed that the nonradiative recombination rate saturates for increasing proton dose and we suggest that multiple atomic displacements agglomerate in a dot to form a single recombination center. We find a decrease in luminescence at the ground state (GS) of InAs dots which is not explained simply by the reduction in the measured carrier lifetime in the dots. We propose that defects produced by bombardment in the wetting layer (WL) have a significant influence on the light output of the dot states at a fixed excitation rate into the WL. Robust laser designs should therefore maximise the dot density and, if possible, the capture rate per dot to minimise the effect of WL recombination.
The structure has five layers of InAs quantum dots grown in an In 0.15 Ga 0.85 As well in a GaAs core and an Al 0.45 Ga 0.55 As cladding waveguide. Samples were bombarded in a direction misaligned from the surface normal at an energy of 230 keV, chosen to maximize atomic displacements at the depth of the dot layers calculated using SRIM2011, 6 with doses between 3 Â 10 12 to 1 Â 10 14 protons cm À2 . We estimate a dose of 3 Â 10 12 protons cm À2 corresponds to an exposure time in space of approximately 30 years. 7 From the simulations, the atomic displacement rate at the dot layers is 5 Â 10 À4 per surface proton dose per Å so taking a dot to be 30 Å high and cross sectional area 12 nm Â 12 nm, the number of displacements per unit area in a layer 30 Å thick is 1. 14 protons cm À2 produces two displacements per dot. If each of these displacements produces a defect state which generates non-radiative recombination, the irradiation-induced recombination rate per unit area in a layer of
where s nr is the non-radiative lifetime at each defect. Although the proton doses here are similar to those used in Ref. 8 , their proton energy was much higher at 2.4 MeV so the displacement rate in our experiments is probably much higher because we have chosen the proton energy to maximize the atomic displacement rate in the dot layer itself.
Modal optical absorption measurements on a sample bombarded with 1 Â 10 12 protons cm À2 show little change in the spectrum compared with un-bombarded material, as shown in Fig. 1 , therefore, using the Einstein relations, we do not expect the radiative lifetime to change with bombardment. TEM images on a similar sample subject to a dose of 1 Â 10 14 protons cm À2 also show that the physical form of the dots remains unchanged. We conclude that these doses do not destroy the integrity of the dots by intermixing.
The PL was pumped with an excitation wavelength of 780 nm and carriers were supplied to the dots via the WL. The spectra, measured at 300 K and 100 K using an Ando AQ-6315B spectrum analyzer, show peaks at approximately 880 nm, 1200 nm, and 1275 nm due to the WL, quantum dot excited state, and GS transitions at 300 K, respectively. We measured the total carrier lifetime at the GS peak using a streak camera with a resolution of 3 ps at a sample temperature of 100 K, where the measurement was more sensitive to bombardment-induced changes.
The lifetime is reduced from 140 ps in the control sample to about 30 ps at a dose of 1 Â 10 14 protons cm
À2
. Data for the reciprocal measured lifetime (s meas ) at the GS for a bandwidth of 50 nm is shown in Fig. 2 ; this is the total recombination rate (R tot ) which is the sum of the radiative and non-radiative rates in the unbombarded material plus the non-radiative rate due to irradiation-induced defects, R nr (d). At low dose, where the probability of atomic displacement in a dot, or within the extent of its wavefunction, is less than one, the number of displacements seen by the dots should increase linearly with dose (as shown above), which is consistent with our observations. At higher doses, multiple displacements are created at each dot and if each of these produces an independent recombination centre, the nonradiative rate should continue to increase with dose. However, the data in Fig. 2 shows that non-radiative rate saturates at high dose and we suggest this is because the displacements at a single dot agglomerate into a single defect so the number of defects does not exceed one per dot.
If we adopt this simple model in which the non-radiative rate is determined by the production of defects at undamaged dots, then as irradiation proceeds with time the increase in the number of dots with a recombination centre produced by an increment of Dd in dose is
where s 0 is the lifetime in the unbombarded sample and ad is the displacement production per dot. Using a displacement production of [4 Â 10 À14 Â d)] and a non-radiative lifetime of 45 ps a fit of the whole range of experimental data was obtained as shown in Fig. 2 . This is of similar magnitude to our initial estimate of [2.2 Â 10 À14 Â d] and is within the uncertainty in the dot area and height; recombination in the dots may be sensitive to deep states produced in their vicinity.
We next examine the GS PL data. At fixed excitation into the dots themselves the ground state PL efficiency is the ratio of the radiative rate per dot and total recombination rate per dot which is proportional to the reciprocal of the measured lifetime, s meas . Thus the efficiency is (R rad s meas ). If the radiative lifetime per dot is not changed by bombardment because there are no structural changes, the PL should be proportional to s meas : as the overall lifetime gets shorter due to increased non radiative recombination so the PL is reduced. This simple proportionality between the PL and s meas is not observed in the data at 100 K shown in Fig. 3 . Starting with un-bombarded material with a lifetime of 140 ps the initial decrease of PL with decreasing lifetime (increasing dose) is much faster than a linear behavior. Similar behavior is observed at 300 K. It has been suggested that defects may enhance capture into the dots 4 in which case we would expect an initial linear decrease in PL with increasing dose then for the PL to be enhanced above the dash line due to improved capture. Competition between the increased non-radiative recombination in the dots and the capture onto the dots does not account for this behavior.
Since the excitation for PL measurements generates carriers in the WL (similar to injection from a p-n junction), we suggest that recombination at bombardment-induced deep states in the WL competes with capture of carriers onto the dots, reducing the carrier population in the WL and hence on the dots as the proton dose increases. This hypothesis is supported by the observed reduction in PL from the WL as a function of dose shown in Fig. 4 . Taking a WL thickness of 50 Å , the displacement rate per unit area in the WL is (5 Â 10 À4 Â 50 Â d) which we represent as c w d with c w ¼ 2.5 Â 10
. Solving the following set of rate equations in the WL and the dots in the steady state, we have calculated the carrier population and PL of the dots and WL as a function of dose. If the electron-hole pair generation rate per unit area in the WL (proportional to the incident photon flux) is G, the steady state condition for the number of carriers in the WL is given by
where n w is the number of carriers in the WL per unit area, s 0;w is the measured lifetime in the WL prior to bombardment, C w and C d are the capture coefficients for electrons from the WL to the deep states in the WL and to the dots respectively (cm 2 s the total recombination rate in the WL which we write as (n w /s w ). The steady state condition for the dots is given by
where s meas is the measured carrier lifetime in the dots. Combining these equations gives a quadratic which we can solve for the number of carriers on the dots n d ,
We calculated n d as a function of dose through the terms 1/s w and s meas measured as a function of dose using an estimated value for c w and the nominal dot density. The plot of dot PL versus measured lifetime in Fig. 3 was obtained as follows. The PL for the dots is (n d /s rad ) (with s rad ¼ 1 ns obtained from the measured absorption cross section 9 ) and was calculated by making sensible adjustment to C w and C d to match the experimental data in Fig. 3 , and changing G proportional to the incident power for each of the curves. The same scaling factor to arbitrary PL units was used throughout. The WL PL was calculated as proportional n 2 wl and was scaled to the measured PL as a function of dose in Fig. 4 , using the same parameters as for the fits in Fig. 3 . The measured lifetime in the WL in the unbombarded sample was 60 ps. The value used for C w corresponds to a deep state capture cross section of 1 Â 10 À14 cm 2 and we used
. Figs. 3 and 4 show this model provides a good description of the variation of WL and dot PL with proton bombardment for three different excitation rates into the WL with the same set of parameters. This suggests that the rapid decrease in dot PL with carrier lifetime due to proton bombardment in Fig. 3 , at fixed excitation into the WL, is due to competition for carriers by recombination at radiationinduced defects in the WL. This should not be surprising given that the dots account for only a fraction of the area of the WL. LEDs and laser diodes operate by electrical injection into the WL and the same model should apply.
From our fits to the experimental data, we estimate that for a dose of 3 Â 10 12 protons cm À2 the current for a fixed optical gain is increased by a factor of about four, with the WL accounting for 80% of the total recombination current.
We conclude that the number of deep states saturates with increasing proton dose suggesting that multiple atomic displacements agglomerate at a dot to form a single recombination center. Furthermore, the increase in the non-radiative recombination rate in the WL due to proton damage accounts for the fact that the PL from the GS decreases with dose much faster than due to the reduction in the measured GS carrier lifetime alone. Bombardment-induced non-radiative recombination in the WL can cause a greater reduction in GS PL output than the deep states produced in the dots themselves. Our experiments have been taken to higher damage production rates than some former studies, and our results suggest that for prolonged exposure to radiation, defects in the WL have a significant influence on the performance. Therefore to exploit the benefits of quantum dots for lasers used in space and other harsh environments, it is necessary to minimize the 
